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Background: S100B is a homodimeric member of the EF-hand calcium-
binding protein superfamily. The protein has been implicated in cellular
processes such as cell differentiation and growth, plays a role in cytoskeletal
structure and function, and may have a role in neuropathological diseases, such
as Alzheimers. The effects of S100B are mediated via its interaction with target
proteins. While several studies have suggested that this interaction is
propagated through a calcium-induced conformational change, leading to the
exposure of a hydrophobic region of S100B, the molecular details behind this
structural alteration remain unclear.
Results:  The solution structure of calcium-saturated human S100B
(Ca2+–S100B) has been determined by heteronuclear NMR spectroscopy.
Ca2+–S100B forms a well defined globular structure comprising four EF-hand
calcium-binding sites and an extensive hydrophobic dimer interface. A
comparison of Ca2+–S100B with apo S100B and Ca2+–calbindin D9k indicates
that while calcium-binding to S100B results in little change in the site I EF-
hand, it induces a backbone reorientation of the N terminus of the site II EF-
hand. This reorientation leads to a dramatic change in the position of helix III
relative to the other helices.
Conclusions:  The calcium-induced reorientation of calcium-binding site II
results in the increased exposure of several hydrophobic residues in helix IV and
the linker region. While following the general mechanism of calcium modulatory
proteins, whereby a hydrophobic target site is exposed, the ‘calcium switch’
observed in S100B appears to be unique from that of other EF-hand proteins
and may provide insights into target specificity among calcium modulatory
proteins.
Introduction
Calcium acts as a second messenger in a variety of cellular
processes including cell division and growth, muscle con-
traction and enzymatic activation. One mechanism by
which the calcium signal is propagated is through binding
to calcium modulatory proteins. The EF-hand protein
family [1] is one such class of calcium-binding proteins
displaying several modes of calcium signalling via inter-
action with target proteins [2]. While a common theme is
apparent to the different modes of signalling (i.e. the
exposure of a hydrophobic surface), the mechanism by
which this surface is provided is not synonymous. For
example, calcium binding to the muscle contractile
protein troponin C modifies its interaction with troponin I
through a reorientation of two helices in its regulatory N-
terminal domain [3,4]. This alteration in conformation is
triggered by a simple transition in the φ and ψ backbone
angles of Glu41, the z coordinating residue in one of the
calcium-binding loops. Conversely, the ubiquitous protein
calmodulin undergoes a massive reorientation of helices in
both its N- and C-terminal domains upon calcium binding
[5–8]. These conformational changes result in the expo-
sure of several methionine residues where myosin light
chain kinase (MLCK), caldesmon, and glycoprotein 41
can interact [9–11]. A third calcium modulatory protein,
the visual sensor recoverin, undergoes a reorientation of
helices at the interface of its two domains extruding its N-
terminal myristoyl group from the hydrophobic cavity of
the protein and allowing it to associate with the membrane
bilayer [12–15].
One important class of EF-hand calcium-binding proteins
where the mode of signalling has not been elucidated is
the S100 protein family. This family comprises small
(10–12 kDa), acidic, dimeric proteins which are expressed
in a cell-specific manner and have been implicated in
such roles as cellular growth and differentiation, cell-cycle
regulation, and cytoskeletal function and structure
[16–19]. Each S100B monomer (β) comprises a globular
domain containing two EF-hand calcium-binding sites.
Sequence comparison of the S100 proteins reveals the
presence of a basic N-terminal pseudo (ψ) EF-hand
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calcium-binding motif, comprising 14 residues (site I),
and the more common acidic 12-residue canonical helix-
loop-helix calcium-binding site in the C terminus (site
II). The region joining the two calcium-binding sites
(linker) and the extreme N- and C-terminal regions of the
S100 family members appear more sequentially diver-
gent. Several members of the S100 protein family display
an increase in hydrophobic character upon calcium
binding, the connecting trademark for calcium modula-
tory proteins, although to date there has been no defini-
tive evidence for a mechanism showing how this occurs.
One exception to this rule is the S100 family member cal-
bindin D9k, which is shorter in length than all other S100
proteins and exists as a monomer in solution. Unlike
other calcium modulatory proteins, the three-dimensional
structures of apo [20] and calcium-bound [21] calbindin
D9k reveal only a minor conformational change upon
calcium-binding. This observation, in addition to the
sequence divergence, have led to proposals that the
linker and C terminus of the dimeric S100 proteins are
responsible for their calcium-sensitive target recognition
[22]. A further differentiating feature of several S100 pro-
teins is a functional reliance on zinc through an increase
in calcium affinity [23,24]. For example, protein kinase
activation by S100A1 of the myosin-associated protein
twitchin is increased more than 30-fold in the presence of
zinc [25]. The zinc-binding sites in the S100 proteins
have not been defined, however.
One important member of the S100 protein family is
S100B, found primarily in the cytoplasm of glial cells [26].
Elevated expression of S100B has been observed in
Alzheimer-afflicted patients, particularly in the regions of
the brain where neuritic plaques have been localized,
leading to the suggestion that S100B may have a role in
this neuropathological disease [27–29]. In the absence of
further evidence, it has been proposed that S100B under-
goes a calcium-sensitive conformational change allowing it
to interact with a variety of other target proteins. Thus,
calcium-binding to S100B regulates interactions with
tubulin [30,31] and glial fibrillary acidic protein (GFAP)
[32], which are important for cellular architecture, and
inhibits the phosphorylation of neuromodulin [33,34],
myristoylated alanine-rich C kinase substrate (MARCKS)
[35] and tau proteins [36,37] through interaction with the
substrate. Recently, the three-dimensional structures of
the calcium-free (apo) forms of rat [38] and bovine S100B
[39] and rabbit S100A6 (calcyclin) [40] have been deter-
mined by nuclear magnetic resonance (NMR) spec-
troscopy. These structures demonstrate that the two
monomeric S100 subunits, each comprising two helix-
loop-helix EF-hand calcium-binding motifs, form a
compact, globular, non-covalent homodimer in solution.
In this work we have determined the three-dimensional
structure of human calcium-bound S100B (Ca2+–S100B).
This is the first structural report of a human S100 protein.
A comparison of this structure with the NMR structures of
rat apo S100B [38] and apo and calcium-bound calbindin
D9k [20,21] has allowed for a detailed analysis of the
calcium-induced conformational changes of S100B.
Specifically, calcium-binding appears to cause minimal
changes in the site I pseudo EF-hand calcium-binding
motif. However, the reorientation of N-terminal residues
in the site II calcium-binding loop results in a significant
change in the position of one helix, helix III, relative to
the other helices. This helix rearrangement gives rise to
the increased exposure of hydrophobic residues found at
the C terminus of helix IV and in the linker. Based on
their location, these exposed residues offer an attractive
putative target-recognition site. These results provide
structural evidence for previous biophysical observations
and provide insight into the mode of calcium-sensitive
target protein recognition for this family of proteins.
Results and discussion
It has previously been shown that calcium-binding to
S100B has a strong salt dependence. In particular, S100B
self-association occurs in the presence of calcium at higher
ionic strengths, which gives rise to extensive broadening of
NMR line widths [41,42]. This observation is consistent
with the increased exposure of hydrophobic residues in
Ca2+–S100B as suggested by fluorescence and absorption
studies [43–45]. Addition of the hydrophobic solvent triflu-
oroethanol (TFE) alleviated this effect in a manner similar
to that observed in studies performed on calcium-saturated
troponin C [46], or in studies using the detergent CHAPS
(3-[3-cholamidopropyl)-dimethylammonio]-1-propane sul-
fonate) with calcineurin [47]. In the case of troponin C,
comparison of the solution structure and crystal structure
indicated that TFE had no effect on the folding of the
protein [48]. Therefore, NMR samples used in this study
were of low ionic strength and contained 10% TFE to min-
imize line broadening due to calcium-induced aggregation.
Description of the structure
The three-dimensional structure of human Ca2+–S100B
has been determined using 2574 experimental restraints
obtained by multidimensional NMR spectroscopy
(Table 1). Stereo views of the ensemble of the 20 low-
energy structures of Ca2+–S100B are shown in Figures 1a
and 1b. The structures comprise two S100β monomers,
each consisting of four α helices and a single β sheet. The
symmetric relationship between the monomers is evident
from a twofold rotational axis passing through the dimer
interface approximately perpendicular to helices I and I′
and parallel to helices IV and IV′. NMR spectra were con-
sistent with this symmetric nature as only one set of reso-
nances was observed for most peaks [49]. The exception
to this was the resonances for residues S1–A6, where some
peak-doubling arose due to N-terminal chemical hetero-
geneity [50].
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Each S100β monomer is formed by two helix-loop-helix
EF-hand calcium-binding motifs joined by a flexible
linker region (Figure 1). The N-terminal pseudo (ψ) EF-
hand consists of helix I (Glu2–Tyr17), calcium-binding
loop I (Ser18–Lys29) and helix II (Ser30–Glu39); the
C-terminal canonical EF-hand comprises helix III
(Val52–Glu58), calcium-binding loop II (Asp61–Asp69)
and helix IV (Phe70–Phe88). Each calcium-binding loop
contains a short antiparallel β strand (Lys26–Lys28;
Glu67–Asp69). As is evident in Figure 1, the eight indi-
vidual helices are very well defined individually (root
mean square deviation [rmsd] ~0.32 Å) and the relative
orientation of all secondary structure elements in the
dimer is also well defined (rmsd ~0.68 Å). Although non-
crystallographic symmetry (NCS) and distance symmetry
were not employed at any point in the dimer structure
calculations, the pairwise rmsd between the two mean
monomer structures for all backbone atoms is still excel-
lent (rmsd ~0.68 Å) indicating that symmetry is main-
tained to a very high degree among the monomers. The
four calcium-binding loops are less well defined than the
individual helices (rmsd of the ensemble relative to the
average structure for loop I ~0.76 Å, and for loop II ~0.67
Å) while the linker regions between the two EF-hand
calcium-binding motifs (Ser41–Glu51) are poorly defined.
These findings are in agreement with the observed rapid
amide exchange, relative to the helices, of residues
Gly19–His25 (N terminus of loop I), Asp61–Gly66 (N
terminus of loop II) and Ser41–Glu51 (linker) of
Ca2+–S100B. Similar observations have been noted for the
analogous regions in loops I and II in calcium-saturated
calbindin D9k (Ca2+–calbindin D9k)  which are generally
poorly defined with respect to the helices and exhibit
faster amide exchange [51]. In addition, the less well
defined calcium-binding loops could result from the lack
of long-range nuclear Overhauser effects (NOEs) involv-
ing these regions as well as the use of only a small
number of dihedral restraints. The structural quality of
Ca2+–S100B is summarized in Table 1. In general this
data shows small deviations from experimental restraints
and uniformly low NOE and dihedral energies, indicating
that the 20 solution structures are in good agreement with
experimental data. Ramachandran analysis using
PROCHECK [52] indicated that 93% of all residues,
including the poorly defined regions, fell within the
allowed regions of φ,ψ space.
The monomeric subunit of Ca2+–S100B (S100β) is rela-
tively compact and globular with the overall secondary
structure content being very similar to that determined
for apo S100B [38,39], apo S100A6 [40], and apo [20] and
Ca2+–calbindin D9k [21]. The close proximity of the two
EF-hands in each monomer is maintained by an antipar-
allel β sheet formed by two three-residue stretches in
each of the calcium-binding loops (Lys26–Lys28;
Glu67–Asp69). NOE evidence also showed that extensive
hydrophobic interactions occur between the four helices.
These interactions include contacts between residues
from helices I and II (Phe14–Leu35), loop I and helix II
(Leu27–Leu32), helices II and III (Leu32–Leu60), and
from residues in helices I and IV (Phe14–Phe70 and
Phe73) and III and IV (Leu60 to Val80). The arrange-
ment of the four helices in S100β (Table 2) exhibits some
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Table 1
Structural statistics for the 20 structures of Ca2+–S100B.
Rmsd from experimental
distance restraints (Å)*
all (2344) 0.014 ± 0.001
intraresidue (1140) 0.011 ± 0.002
interresidue sequential
(|i – j| = 1) (528) 0.014 ± 0.002
interresidue short range
(1 < |i – j| < 5) (418) 0.018 ± 0.002
interresidue long range
(|i – j| > 5) (150) 0.017 ± 0.004
intermolecular (40) 0.007 ± 0.002
hydrogen bond (68) 0.012 ± 0.002
Rmsd from experimental
dihedral restraints (°) (230) 0.17 ± 0.045
Rmsd from idealized
covalent geometry
bonds (Å) 0.0014 ± 0.0001
angles (°) 0.2076 ± 0.0145
impropers (°) 0.1963 ± 0.0140
Energies (kcal mol –1)
ENOE† 23.0 ± 4.7
Ecdih† 0.420 ± 0.22
Erepel‡ 24.5 ± 4.0
EL—J § –504.2 ± 65.1
Rmsd of 20 structures relative to energy
minimized average dimer structure (Å)
backbone residues in secondary structure
(backbone atoms/ all heavy atoms)# 0.68 ± 0.11/1.36 ± 0.11
all backbone residues
(backbone atoms/ all heavy atoms)¶ 1.35 ± 0.17/2.18 ± 0.22
Pairwise rmsd between monomer A 
and monomer B (Å)¥
backbone residues in secondary structure 0.338
all backbone residues 0.678
*Root mean square deviation (rmsd) values are the average ± standard
deviation for the best 20 low-energy structures; the number of each
type of restraint used in the structure calculation is given in
parentheses. †ENOE and Ecdih were calculated using force constants of
50 kcal mol–1 Å–2 and 200 kcal mol–1 rad–2, respectively. ‡Erepel was
calculated using a final value of 4.0 kcal mol–1 Å–4 with the van der
Waals hard sphere radii set to 0.75 times those in the parameter set
PARALLHDG supplied by X-PLOR [85]. §EL–J is the Lennard–Jones
van der Waals energy calculated with the CHARMM empirical energy
function and is not included in the target function for simulated-
annealing calculations. #The calculation included the backbone Cα, N,
and C′ atoms in the four helices and the two β strands for each of the
monomers (Glu2–Tyr17, Lys26–Lys28, Ser30–Glu39, Val52–Glu58,
Glu67–Asp69, Phe70–Phe87). ¶The calculation involved all residues
including those found in the two calcium-binding loops and the linker
region where a low number of restraints were identified. ¥Mean
monomer structures were calculated from the ensemble of 20 dimer
structures.
differences to that observed for most EF-hand calcium-
binding proteins containing isolated two-site domains.
The helical arrangement in Ca2+–S100B is most consis-
tent with a bicornate-type of helix packing [53], having
only one possible antiparallel helix pair (III, IV). Visual
inspection of the monomeric fold, however, suggests a
splayed helix relationship more akin to the arrangement
found in calbindin D9k [21]. This four-helix packing
arrangement is most similar to that of the calcium-bound
form of recoverin [13,14] involving helices B and C from
calcium-binding site I and helices D and E from site II,
although in this case the S100β interhelical angles involv-
ing helix I are more obtuse. Furthermore, the interhelical
angle for site I in Ca2+–S100β (138°) is in agreement with
that observed in other S100 proteins having a characteris-
tic ψ EF-hand.
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Figure 1
Structures of calcium-bound human S100B
(Ca2+–S100B). (a) Stereo view
representation of the backbone superposition
(N, Cα and C′ atoms) of the 20 low-energy
structures of Ca2+–S100B; the two S100β
subunits are shown in green and magenta.
The superposition was performed using
residues found in the regular secondary
structure of each subunit (residues 2–17,
26–28, 30–39, 52–58 and 67–87). Relative
to the energy-minimized average structure, the
regular secondary structure has a rmsd of
0.68 ± 0.11 Å for the backbone atoms and
1.36 ± 0.11 Å for heavy atoms; the rmsds for
the entire backbone and all heavy atoms are
1.35 ± 0.17 Å and 2.18 ± 022 Å, respectively.
(b) Stereo view representation of the
backbone superposition of the 20 low-energy
structures of Ca2+–S100B as in (a) but
rotated 90° about the assembly x axis. (c)
Ribbon diagram of Ca2+–S100B illustrating
the symmetry between the two S100β
subunits. The helices for each subunit are
numbered I, II, III and IV (green) and I′, II′, III′
and IV′ (magenta). Although
noncrystallographic symmetry was not
imposed the rmsd between the two
monomers is excellent (rmsd of 0.68 Å for all
backbone residues). (d) The same figure as in
(c) but rotated 90° about the x axis.
The two S100β monomers pack in an antiparallel fashion
about helices IV and IV′ to form the symmetric Ca2+–S100B
dimer with overall dimensions of 54 Å × 51 Å × 41 Å
(Figures 1c and 1d). This dimeric structure is stabilized
primarily by hydrophobic sidechain interactions which
result in the burial of ~1170 Å2 of the solvent-accessible
surface of each monomer. This value is similar to that
observed in apo S100A6 [40] and corroborates findings
that a tight association of monomers has been observed for
both apo [54] and Ca2+–S100B. The dimer interface pri-
marily involves hydrophobic interactions between helices
I and I′ and helices IV and IV′. Contacts between helices I
and I′ extend nearly the entire length of each helix
(Glu2–Val13). The identification of the interactions
between helices I and I′ was confirmed by important
sidechain NOEs observed between residues Leu3–Leu10′
and Ala6–Ala9′. These contacts were clearly indicative of
intermonomer contacts at the dimer interface as this type
of interaction is not possible within a single helix.
The vast majority of EF-hand calcium-binding proteins
comprise isolated pairs of EF-hands. A much smaller
number, including S100B and recoverin, comprise clusters
of two-site pairs of EF-hands and allow an examination of
the helix orientation at this interface. In Ca2+–S100B,
helices I and I′ cross at an angle of 142° ± 3°, which is
more open than compared to the helix I–I′ packing in apo
S100B (161° and 151° for rat [38] and bovine [39], respec-
tively). The crossing point of these helices, involving
residues Ala6 and Ala9, is consistent with small hydro-
phobic residues being favored at these positions. Helices
IV and IV′ form a more obtuse interhelical angle
(155° ± 2°) making contacts similar to those found in apo
S100B between residues at the N-terminal (Phe70) and
more C-terminal regions (Thr82′) of the helices. Overall,
this arrangement can be catalogued as an ‘X bundle’ [53]
in both Ca2+–S100B and apo S100B [38,39]. This helical
arrangement is also present at the crystallographic dimer
interface of sarcoplasmic calcium-binding protein [55],
where helices C and E form an antiparallel pair roughly
perpendicular to their symmetrically related helices in the
dimer molecule. Furthermore, the interface for sites I–II
and III–IV in apo recoverin [15] also display similar fea-
tures, including an antiparallel alignment of helices E and
F between sites II and III and a perpendicular arrange-
ment of these helices to helix G in site III. In recoverin,
however, a parallel partner to helix G is absent.
Helix IV is elongated in human Ca2+–S100B with respect to
rat and bovine apo S100B [38,39] and apo S100A6 [40], but
is bent by approximately 7° near residue Ala83. The impact
of this lengthening in Ca2+–S100B is to absolve the dimer
interface of Phe87 and Phe88 in the Ca2+–S100B structure.
These residues have been suggested to be integral to dimer
maintenance in apo S100 proteins and are largely buried in
the apo S100A6 [40] (Leu88) and apo S100B [38,39]
(Phe87–Phe88) structures. While the removal of these
residues could act to destabilize the S100 dimer, we have
observed that S100B remains dimeric and of similar stability
both in the absence and presence of calcium when Phe88 is
conservatively replaced with an alanine residue (KL Harper
and GSS, unpublished results).
The helical content was calculated for Ca2+–S100B and
for the NMR structures of apo rat [38] and bovine S100B
[39] from the ratio of helical residues, based on the
structures, to the total number of residues in the protein (91
amino acids/monomer). This comparison shows human
Ca2+–S100B contains 57% α helix which is similar to that
observed in rat apo S100B (60%) [38] but somewhat
smaller than that observed in bovine apo S100B (66%)
[39]. In human Ca2+–S100B an α helix is not observed at
residues Ser41–Glu45 in the linker; a short α helix is
observed in this position in bovine apo S100B [39].
Despite our observation of some lengthening of helix IV,
the negligible change or slight decrease in α-helicity in
human Ca2+–S100B compared to bovine apo S100B [39] is
consistent with previous circular dichroism (CD) studies
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Table 2
Interhelical angles* in apo calcyclin, apo S100B, Ca2+–S100B and Ca2+–calbindin.
Helices Apo calcyclin† Rat apo S100B‡ Bovine apo S100B§ Ca2+–S100B# Apo calbindin¶ Ca2+–calbindin¥
I–II 140 ± 15 133 ± 3 127 ± 4 138 ± 4 120 ± 3 130 ± 2
I–III –87 ± 21 –29 ± 2 –66 ± 5 –86 ± 4 –114 ± 8 –114 ± 6
I–IV 118 ± 18 121 ± 2 115 ± 3 113 ± 2 122 ± 3 128 ± 4
II–III 131 ± 13 –139 ± 4 142 ± 5 133 ± 4 121 ± 6 108 ± 5
II–IV –26 ± 9 –35 ± 2 –45 ± 4 –46 ± 2 –36 ± 4 –33 ± 3
III–IV 149 ± 12 –146 ± 3 169 ± 6 148 ± 4 121 ± 7 118 ± 7
*Calculated using in-house program (S Gagne, University of Alberta).
†[40], PDB accession code 1CNP; helices were defined as residues
4–16, 32–42, 53–62 and 70–85. ‡[38], PDB accession code 1SYM;
helices were defined as residues 2–17, 30–39, 51–57 and 70–82.
§[39], PDB accession code 1CFP; helices were defined as for rat apo
S100B. #PDB accession code 1UWO; helices were defined as for rat
apo S100B. ¶[20], PDB accession code 1CLB; helices were defined
as residues 3–13, 25–35, 46–54 and 63–72. ¥[21], PDB accession
code 2BCB; helices were defined as for apo calbindin.
[41], which indicated calcium binding resulted in a 10%
decrease in θ222.
Calcium-induced conformational changes
The response to calcium binding by S100B is best
assessed by comparing the conformations of the two
calcium-binding sites in the apo and Ca2+–S100B struc-
tures. The N-terminal helix-loop-helix in Ca2+–S100B
(residues Val8–Glu39) is very similar in form to that of apo
rat S100B [38], having a backbone pairwise rmsd ~1.40 Å
(Figure 2a). This observation  indicates that a large alter-
ation in the conformation of this calcium-binding loop has
not occurred. Interhelical angles of 138°, for site I helices
in Ca2+–S100B, and 133° for the same site in rat apo S100B
[38] confirm that there is little reorientation of the helices
upon calcium binding (Table 2). This observation is con-
sistent with that seen in calbindin D9k where structures of
apo [20] and calcium-bound [21] forms of the protein have
site I interhelical angles of 120° and 130°, respectively. As
a result, the site I calcium-binding loop in Ca2+–S100B is
also similar to the structure observed in Ca2+–calbindin
D9k [21] (backbone pairwise rmsd ~1.06 Å; Figure 2a).
Detailed comparisons of apo and Ca2+–calbindin D9k indi-
cate that changes which occur in the N-terminal ψ EF-
hand primarily entail the reorganization of sidechains
upon calcium binding [20,21,56].
The C-terminal EF-hand in S100B has a high degree of
sequence similarity to other EF-hand calcium-binding
sites [57], and includes a 12-residue loop possessing
acidic residues required for calcium coordination at four
positions: Asp61 (X), Asp63 (Y) and Asp65 (Z) and Glu72
(–Z). The structure of Ca2+–S100B reveals that this loop
(Figure 2b) adopts a conformation similar to that
observed for the calcium-filled sites in classical EF-hand
proteins, such as calmodulin (backbone pairwise rmsd
~1.59 ± 0.08 Å, for four calcium-binding loops [6]) and
troponin C (backbone pairwise rmsd ~1.12 ± 0.18 Å for the
two C-terminal EF-hand motifs [58]). The average φ,ψ
angles for Ca2+–S100B for Asp61 (–70° ± 16°,101° ± 12°),
Glu72 (–78° ± 3°,–24° ± 9°) and the invariant Gly66
(73° ± 5°,18° ± 13°) between the Z (Asp65) and –Y
(Glu67) coordinating positions are in agreement with con-
sensus values for these backbone angles in EF-hand
216 Structure 1998, Vol 6 No 2
Figure 2
Comparison of the EF-hands of human Ca2+–S100B, rat apo S100B
[38] and Ca2+–calbindin D9k [21]. (a) The N-terminal pseudo EF-hand
in Ca2+–S100B (green) and rat apo S100B [38] (magenta),
superimposed (N, Cα and C′atoms) with the analogous residues in the
pseudo EF-hand of Ca2+–calbindin D9k [21] (white). The three helix-
loop-helix motifs, comprised of incoming helix I, outgoing helix II and
the intervening calcium-binding loop, have similar folds. The structures
have a backbone pairwise rmsd of 1.40 Å for apo S100B [38] and
Ca2+–S100B (residues Val8–Glu39) and 1.06 Å for Ca2+–calbindin
D9k [21] (residues Glu4–Glu35) and Ca2+–S100B (residues
Val8–Glu39). (b) The superposition (N, Cα and C′atoms) of the C-
terminal EF-hands of Ca2+–S100B (green) and rat apo S100B [38]
(magenta) with the analogous residues of Ca2+–calbindin D9k [21]
(white). The mainchain atoms of the β sheet and a portion of helix IV
were superimposed yielding an rmsd of 0.55 Å for apo S100B [38]
and Ca2+–S100B (residues Glu67–Phe76) and 0.95 Å for
Ca2+–calbindin D9k [21] (residues Glu60–Leu69) and Ca2+–S100B
(residues Glu67–Phe76). Superposition of the entire EF-hand
backbone of rat apo S100B [38] relative to Ca2+–S100B (residues
Val53–Phe76) yielded an rmsd of 4.06 Å compared to 1.47 Å for
Ca2+–calbindin D9k [21] (Leu46–Leu69).
calcium-binding proteins [59]. The φ,ψ angles for Asp63
and Asp65 deviate slightly from those expected for a clas-
sical EF-hand. This deviation is likely to be due to the
intervening glycine (Gly64). The φ,ψ angles for Gly64 are,
however, similar to those observed in calbindin D9k [21]
(Figure 2b).
The C-terminal calcium-binding loop in S100B under-
goes a dramatic change in conformation compared to that
of rat apo S100B [38]. This change is illustrated in
Figure 2b, where the C-terminal portion of the calcium-
binding loop and helix IV (Glu67–Phe76) for human
Ca2+–S100B, rat apo S100B [38] and Ca2+–calbindin D9k
[21] are superimposed. In this presentation it is clear that
the relative orientations of the β sheet and helix IV are
maintained in Ca2+–S100B compared to both rat apo
S100B [38] (backbone pairwise rmsd ~0.55 Å) and
Ca2+–calbindin D9k [21] (backbone pairwise rmsd
~0.95 Å). Similar observations were also made for the
same region in bovine apo S100B [39] (backbone pairwise
rmsd ~0.63 Å) and apo S100A6 [40] (backbone pairwise
rmsd ~0.74 Å) when compared to human Ca2+–S100B.
However, a comparison of the entire calcium-binding
loop (Asp61–Glu72) and the same region of helix IV
(Phe73–Phe76) between Ca2+–S100B and rat apo S100B
[38] reveals a more significant difference (rmsd ~4.06 Å).
The cause for this difference can be traced to the first six
residues of the calcium-binding loop. More specifically,
changes in the φ,ψ angles of Asp61 (30°,169°) and Asp63
(62°,16°) and a ψ angle change from –142° to 12° for
Gly66 upon calcium binding lead to a rearrangement of
the C-terminal loop in Ca2+–S100B bringing the
sidechains of Asp61 and Asp63 into a more appropriate
geometry to coordinate calcium.
The change in conformation of the C-terminal loop in
human S100B upon calcium binding is propagated
through helix III, which immediately precedes the loop.
This results in a major reorientation of helix III, with
respect to helices II and IV, yielding changes in the
respective interhelical angles of about 90° and 66° com-
pared to rat apo S100B [38] (Table 2). The net impact of
this reorientation is to change the ‘handedness’ of the
II–III and III–IV interhelical crossings from negative to
positive interhelical angles (Table 2). The movement of
helix III relative to helices II and IV results in large
changes in the surface area accessibility of several residues
in the linker and helices III and IV compared to rat apo
S100B [38] (Figure 3). One possible consequence of this is
a relative increase in amide exchange in helix III com-
pared to residues in the other helices [49], although inter-
pretation of this observation cannot be made until
exchange rate information is available. The change in rela-
tionship between helices II, III and IV has a significant
impact on the helix I–III angle which opens by nearly 60°
upon calcium binding.
Support for a biological switch
It has been proposed that the linker region and C termi-
nus of S100B may be important for calcium-sensitive
surface interactions with target proteins, such as neuro-
modulin, GFAP and tubulin [16]. The surface of
Ca2+–S100B takes on a bilobal appearance revealing a
deep negatively charged cleft first observed in apo S100A6
[40] and bordered by helices III, III′, IV and IV′
(Figure 1d). Examination of this surface and comparison
to the rat apo S100B protein structure was used to deter-
mine changes in the accessible surface area of discrete
residues (Figure 3). It is clear that calcium binding and the
reorientation of helix III has resulted in increases and
decreases in the accessible surface area of many residues,
particularly in the C terminus of the protein. As expected,
calcium binding results in a decrease in exposure of
residues Asp61, Glu67 and, Glu72 in the C-terminal
calcium-binding loop, in agreement with the large confor-
mational change observed (Figure 2b). Smaller changes
are observed in the ψ EF-hand but notably Lys29
becomes more exposed in a similar manner to that
observed for calbindin D9k [20,21]. Overall calcium
binding to S100B results in an average increase of 420 Å2
of surface area in the dimer.
Upon calcium binding it has been previously noted that
S100B takes on a more hydrophobic characteristic, as is
evident from its increased affinity to phenyl sepharose
[60] and aggregation in solution [42]. Correspondingly,
greater than 90% of the newly exposed surface area in
Ca2+–S100B is hydrophobic in nature. Most notable are
the hydrophobic residues Phe43 in the linker region and
Ala83, Phe87 and Phe88 of the C-terminal helix which are
in close proximity to one another in each S100β subunit
(Figure 4). This observation is supported by spectrophoto-
metric results which show that at least one phenylalanine
residue is exposed upon calcium binding [41,42,61]. Fur-
thermore, several acidic residues, including Glu49 and
Asp54, experience greater exposure to solvent while
Glu45, Glu46, and Glu51 remain solvent-exposed
(Figures 3a and 4). Interestingly, the exposure of the
hydrophobic and acidic residues, including residues in the
linker and the C-terminal of helix IV, is tantalizingly
similar to that observed in calmodulin [6]. Reinforcing
these results are observations that S100B displays a
calcium-sensitive interaction with short peptides, isolated
from a bacterial random peptide display library, comprised
mainly of basic and hydrophobic residues [62] in a fashion
reminiscent of MLCK and the autoregulatory region of
twitchin kinase, the S100A1 target [25]. This observation
indicates that Phe43, Phe87, Phe88, Glu45, Glu46, Glu49
and Glu51 are prime candidate residues for making a
calcium-sensitive interaction with a protein target
(Figure 4). Acidic residues at the extreme C terminus
(Glu86,Glu89 and Glu91) are also exposed and may be
important, however, Glu89 and Glu91 are poorly defined
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in the Ca2+–S100B structure. Other evidence supports the
potential role of the C-terminal hydrophobic residues. For
example, site-directed mutagenesis of the S100 family
member S100A10 indicated that residues Phe85 and
Phe86 (Phe87 and Phe88 in S100B) are critical for its
interaction with annexin II, implying these residues are
exposed [63].
While S100B is suggested to be a calcium-sensitive modu-
latory protein, similar to troponin C, calmodulin and
recoverin, S100B also possesses the unique quality of
high-affinity zinc binding. The calcium affinity of several
S100 family members, including S100B [23,60], S100A3
[64] and S100A12 (calgranulin C) [65], is enhanced in the
presence of zinc. Furthermore, zinc binding to S100A1
results in a 30-fold lowering of the concentration of
S100A1 required for calcium–S100A1-dependent activa-
tion of twitchin kinase [25]. Although sequence analysis
reveals several S100 protein family members to contain a
number of histidine and cysteine residues capable of
chelating zinc, it has not been possible to propose a possi-
ble zinc-binding site in S100B. The Ca2+–S100B structure
reveals several histidine residues at the S100B dimer
interface which are clustered together. Specifically, the
sidechains of His15 and His25 are closely spaced (~5 Å)
while the sidechain of His85 from the symmetric subunit
is also nearby (~9 Å). A fourth potential zinc ligand may
arise from His90 (~8 Å from His25) which lies outside
helix IV and in the flexible (unstructured) C terminus of
S100B. It would seem that a very small reorientation
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Structure
Accessible surface area for S100B. (a) Accessible surface area per
residue for rat apo S100B (blue) [38] and human Ca2+–S100B (red)
determined from 20 structures of each. The values shown are the
averages from both monomers (generally < 10% difference). Surface
areas were defined using a probe having a 1.4 Å radius [64] using the
solvation module of InsightII (Biosym Technologies). (b) Fractional
surface area changes between rat apo S100B and human
Ca2+–S100B determined from the measured difference in (a) divided
by the per residue surface area. Positive bars denote increased
exposure in Ca2+–S100B. Bars are color-coded by residue type: basic
(blue), acidic (red), hydrophobic (green) and others (grey).
would bring all four sidechains into position to coordinate
zinc. An attractive feature of this model is that it corrobo-
rates work by Donato et al. [66] suggesting zinc binds to a
region including His15 and His25.
Extracellular roles have been proposed for S100B based
on the observation that covalent, disulfide-linked forms of
the protein have been shown to possess neurotrophic
activity [67,68]. Interestingly, the formation of these disul-
fide-linked dimers is calcium-sensitive and temperature-
sensitive [69]. The Ca2+–S100B structure indicates that
the exposure of Cys84 could provide an explanation for
the formation of the disulfide species. However, examina-
tion of Cys84 with respect to its symmetrically related
residue and either Cys68 or Cys68′ indicates no clear rela-
tionship for the formation of an oxidized species. The
symmetrically related Cys84′ is remotely located (31 Å)
from this site and both Cys68 and Cys68′, although not
accessible are further removed (19 Å and 18 Å, respec-
tively). It is possible that oxidation may result in the for-
mation of a higher order species, as observed in the
calcium-sensitive formation of tetrameric (and higher)
S100A8 and S100A9 complexes [70]. Clearly this remains
to be established, as does the mechanism by which S100B
is secreted.
Biological implications
S100B is a member of the dimeric S100 protein family of
EF-hand calcium-binding proteins and has been pro-
posed to play a role in cell growth and differentiation as
well as in cytoskeletal structure and function. Several
target proteins have been identified which all exhibit a
calcium-dependent requirement for interaction with
S100B. The three-dimensional structures of rat and
bovine S100B [38,39] and S100A6 [40] in the calcium-
free state have recently been determined. Nevertheless,
in order to further understand the mechanisms underly-
ing S100 protein intracellular signalling it will be neces-
sary to establish the molecular details behind a
calcium-induced conformational change in S100B that is
required for target recognition. We present here the solu-
tion structure of human S100B in the calcium-bound
state; the structure reveals a novel calcium switch that
may be used for target recognition.
The S100B monomer is a single globular domain con-
taining two EF-hand calcium-binding sites, termed site I
and site II. Calcium binding to S100B causes little
change in the conformation of calcium-binding site I, as
it takes on a ‘calcium-ready’ conformation observed in
the apo state [38]. In the site II calcium-binding loop,
however, a significant reorientation of N-terminal
residues occurs allowing for coordination of the calcium
ion. This reorientation results in a dramatic change in
the position of one of the helices, helix III, relative to the
other three helices. This conformational change results
in the exposure of hydrophobic residues at the C termi-
nus of helix IV (Ala83, Phe87 and Phe88) and in the
linker (Phe43). These two regions, which are the most
divergent among the S100 protein family members and
have been proposed as key regions for target protein
specificity, are close spatially and provide an attractive
target-recognition site. While this ‘calcium switch’
follows the general characteristics of other calcium-
dependent modulatory proteins, that is the exposure of a
hydrophobic surface, the molecular details behind the
exposure are unique from those of troponin C or
calmodulin. With the identification of this calcium
switch in hand, the molecular details of S100B–target
protein complexes can now be pursued to complete the
entire S100B calcium activation mechanism.
Materials and methods
Sample preparation
Uniformly 15N- and 15N/13C-labeled recombinant human S100B was
expressed in Escherichia coli (strain N99) and purified to homogeneity
as previously described [42]. NMR experiments utilized 2–2.5 mM
human S100B samples dissolved in 81% H2O/ 9% D2O/ 10% TFE-d3
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Figure 4
A portion of the proposed target protein recognition site in human
S100B. Exposed residues and those observed to have increased
exposure in Ca2+–S100B as compared to apo S100B (Figure 3) are
superimposed on the molecular surface of Ca2+–S100B. The molecule
is oriented with helix IV in front. Exposed aromatic residues Phe43,
Phe87 and Phe88 and aliphatic residues Thr82, Ala83 (not labeled)
and Cys84 are shown in green. Acidic residues Glu45, Glu46, Glu49,
Glu51, Glu89 and Glu91 are shown in red. (Figure was generated
using the program GRASP [86].)
containing 30 mM KCl, 10 mM DTT-d10, 10 mM CaCl2, 0.1 mM NaN3
at pH 7.05. A single 15N/13C-labeled sample was used for all triple
resonance NMR experiments.
NMR spectroscopy
All NMR experiments were performed at 35°C on a Varian Unity 500
MHz spectrometer equipped with a triple resonance, pulsed-field gradi-
ent (PFG) probe. Sequential assignments of the backbone resonances
were achieved via HNCACB [71] and CBCA(CO)NH [72] triple reso-
nance experiments in combination with HNCO [73] and 1H-15N
NOESY-HSQC [74] (τmix = 50 and 150 ms) experiments as previously
reported. Sidechain assignments were obtained from HCCH-TOCSY
[75] and simultaneous 15N/13C-separated three-dimensional (3D)
NOESY-HSQC [76] (τmix = 100 ms) experiments while aromatic proton
assignments were made from a 100 ms two-dimensional (2D) homo-
nuclear NOESY [77,78] experiment. NMRPipe and NMRDraw [79]
software packages were used to process all data sets and data analy-
sis was carried out with the aid of Pipp and Stapp [80].
Slow-exchanging amide protons were identified via a series of 1H-15N
HSQC [81] experiments taken at time intervals (10 min, 1.5 h, 6 h, and
14 h) after dissolving the protein in D2O. Backbone coupling con-
stants, 3JNHα, were calculated from an HNHA [82,83] experiment as
previously described [49]. Stereospecific assignments of valine methyl
groups were obtained by analyzing the intraresidue HN/CH3 and
CαH/CH3 from the 15N-edited NOESY-HSQC and the simultaneous
15N/13C-separated 3D NOESY-HSQC spectra. Stereospecific assign-
ments were also made for Hβ methylene protons of several AMX
residues by analyzing the intensities of intraresidue HN/Hβ and Hα/Hβ
from the 15N-edited NOESY-HSQC and the simultaneous 15N/13C-
separated 3D NOESY-HSQC spectra.
Structure determination
Approximate interproton distances were obtained from the 50 ms 15N-
separated 3D NOESY-HSQC [74], simultaneous 15N/13C-separated
3D NOESY-HSQC [76], and homonuclear 2D NOESY experiments
[77,78]. NOE cross-peaks identified from the 50 ms 15N-edited
NOESY experiment were calibrated for each residue on the basis of
the known distances of intraresidue dHNα and sequential dαHN while
known aromatic Hδ–Hε distances were used to calibrate NOEs from
the aromatic region of the homonuclear 2D NOESY. The 100 ms
15N/13C-separated 3D NOESY was calibrated to geminal protons or
protons on adjacent carbon atoms. In cases where direct calibration
was not possible, the distance constraints were overestimated. The
calibration was carried out in a similar fashion to that used in the struc-
ture calculation of a calcium-saturated skeletal troponin C mutant [84].
Upper and lower bounds for distance restraints derived solely from
NOEs identified in the 150 ms 15N-NOESY-HSQC experiment and not
observed in the 50 ms experiment were automatically set to 6.00 Å and
1.70 Å, respectively. Dihedral restraints for φ angles were derived from
the 3JHNα coupling constants, and the ψ angles were obtained from the
dNα/dαN ratio as previously described [49]. For the φ and ψ angles,
values of –60° ± 30° and –40° ± 30° were used for helical regions and
values of  –120° ± 50° and 120° ± 50° were used for β strands. Hydro-
gen bond restraints were identified from slowly exchanging NH reso-
nances and were implemented only after their identification in initial
structures. Two distance restraints, rNH–O (1.8–2.3 Å) and rN–O
(2.3–3.3 Å), were used for each hydrogen bond.
Initial structures of the Ca2+–S100B monomer were calculated using
the hybrid distance geometry and simulated-annealing protocol in the
program X-PLOR 3.1 [85]. A series of refinements were carried out
using the simulated annealing refinement protocol incorporating φ and
ψ angles as well as hydrogen-bond restraints. A family of 30 low-
energy Ca2+–S100β monomer structures were generated based on
1118 interproton distances (570 intraresidue, 264 sequential, 209
short range, and 75 long range), 68 distance restraints for 34 hydro-
gen bonds, and 115 dihedral angle restraints. No distance
violations > 0.3 Å and no dihedral violations > 5° were found for this
family of structures.
Structure determination of the Ca2+–S100B dimer involved the dupli-
cation of the coordinates for each of the 30 low-energy subunit struc-
tures. Each new subunit was rotated 180° and separated from its
partner by approximately 40 Å. No docking of the two monomers was
attempted or used prior to further structure calculations. Final dimer
structures were calculated using the hybrid distance geometry, simu-
lated annealing, and simulated annealing refinement protocols of
X-PLOR 3.1 [85]. These procedures utilized all 2236 intramolecular
NOE-derived distance restraints, 230 dihedral angles, 68 hydrogen-
bond restraints, and 40 unambiguous intermolecular distance
restraints. This approach led to 20 low-energy Ca2+–S100B dimer
structures having no NOE violations > 0.5 Å, no dihedral violations
> 5°, and low rmsds compared to an average structure. NCS or dis-
tance symmetry was not imposed at any point in the dimer structure
calculations. Calcium ions or restraints to these ions were not used in
any structure calculations.
Accession numbers
Atomic coordinates have been deposited with the Protein Data Bank,
Brookhaven National Laboratories, with the accession code 1UWO for
the ensemble of 20 Ca2+–S100B structures.
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